Abstract Long-term sulphur (S) deficiency in Arabidopsis thaliana affects the functioning of the mitochondrial oxidative phosphorylation system (OXPHOS) via alteration of the multisubunit NADH-ubiquinone oxidoreductase (Complex I; EC 1.6.5.3), which contains several iron-sulphur clusters. Densitometric analysis of bands of respiratory chain complexes after one-dimensional blue-native polyacrylamide gel electrophoresis (BN-PAGE) showed that levels and in-gel capacities of Complex I in leaf and root mitochondria were lower than those of the control. Twodimensional BN/SDS-PAGE showed lower abundance of all Complex I subunits, but the qualitative structural composition (subunit expression and mobility) did not change. In mitochondria of S-deficient A. thaliana, impairment of Complex I could be compensated to some extent by additional type II NADH dehydrogenases that do not contain iron-sulphur clusters. The level and capacity of external NADH dehydrogenases in leaf and root mitochondria was higher under S deficiency, but that of internal NADH dehydrogenases did not differ from the control. The amount of COXII (mitochondrial-encoded subunit of cytochrome c oxidase in Complex IV; EC 1.9.3.1) and the capacity of Complex IV were lower under S deficiency, but levels of alternative oxidase, a bypass to Complex IV, did not change. We discuss S deficiency in A. thaliana in relation to the assembly and stability of Complex I and to a bypass of Complex I by external type II NADH dehydrogenases.
Introduction
The oxidative phosphorylation system (OXPHOS) in mitochondria consists of five multi-subunit protein complexes (I-V). Four of them (Complexes I-IV) are oxidoreductases that form the respiratory chain. Complex I (NADH-ubiquinone oxidoreductase; EC 1.6.5.3), Complex III (ubiquinol-cytochrome c oxidoreductase; EC 1.10.2.2), and Complex IV (cytochrome c oxidase, also referred as COX; EC 1.9.3.1) are transmembrane complexes that transfer electrons within the inner membrane and pump protons from the mitochondrial matrix into the intermembrane space (Schertl and Braun 2014) . The backflow of protons into the matrix mediates phosphorylation of ADP to ATP by Complex V (F 0 F 1 ATP synthase; EC 3.6.1.3). A special feature of plant mitochondria is the presence of additional oxidoreductases, internal and external type II NAD(P)H dehydrogenases (ND in/ex NADH) and an alternative oxidase (AOX) in the OXPHOS system (Rasmusson et al. 2008; Vanlerberghe 2013) . The input site for electrons derived from the oxidation of NADH could be either Complex I or ND in/ex NADH, and oxygen can be reduced to water by either COX or AOX at the end of the respiratory chain (Rasmusson et al. 2008 ).
In the inner mitochondrial membrane, three large oxidative phosphorylation complexes (I, III, and IV) interact to form stable higher structures called supercomplexes (Dudkina et al. 2010) . Analysis of the respiratory supercomplexes in the model plant Arabidopsis thaliana by blue-native polyacrylamide gel electrophoresis (BN-PAGE) identified three types of supercomplex associations: two copies of Complex I and two copies of dimeric Complex III, I 2 ? III 4 ; one copy of Complex I and dimeric Complex III, I ? III 2 ; and dimeric Complex V, V 2 (Eubel et al. 2003) . BN-PAGE of potato, spinach, and asparagus mitochondria revealed a low abundance of associations of Complexes I, III 2 , and IV called 'respirasomes' (Eubel et al. 2004; Krause et al. 2004) . BN gels from mitochondria of A. thaliana showed a larger (IVa) and a smaller (IVb) form of Complex IV (Eubel et al. 2003) , but the Complex IV-containing supercomplexes were not identified (Dudkina et al. 2006 (Dudkina et al. , 2010 .
Complex I of A. thaliana is the largest complex of the OXPHOS system (molecular mass of approximately 1 MDa), and it consists of mitochondrial and nuclear-encoded subunits (Klodmann and Braun 2011) . Three-dimensional gel electrophoresis with mass spectrometry provided a 3D gel map of Arabidopsis Complex I containing 55 types of proteins (Peters et al. 2013) . At least 40 of them are homologs of bovine Complex I, nine are unique to plants, and six are extra subunits: three gammatype carbonic anhydrases (CA1-3), two carbonic anhydrase-like proteins (CAL1-2) (Perales et al. 2004 (Perales et al. , 2005 , and L-galactone-1,4-lactone dehydrogenase (GLDH), which is the assembly factor of Complex I (Pineau et al. 2008; Schertl et al. 2012) . The L-shaped Complex I is formed by two elongated domains consisting of a membrane arm with an extra spherical domain containing CA1-3 and a peripheral arm that protrudes into the mitochondrial matrix (Dudkina et al. 2006) . The peripheral arm can be divided into two functional modules, of which one is the NADH oxidation site at flavin mononucleotide (FMN) , and the other is located closer to the membrane arm and is responsible for ubiquinone reduction .
Nutrient deficiencies are common in plants growing in natural habitats. Recent declines in atmospheric industrial sulphur (S) emissions as sulphur dioxide (SO 2 ) and lower S supply in mineral fertilisers have led to S deficiency in soils in many European countries (Vestreng et al. 2007 ). Most S in plant cells is used in the chloroplasts and mitochondria, which contain proteins that belong to the electron transport chains and include S as a cofactor, mainly conjugated with Fe as Fe-S clusters (Balk and Pilon 2011) . Thus, biosynthesis of these clusters requires reduced S in form of cysteine (Cys) and chelated Fe (Forieri et al. 2013 ). In the mitochondrial electron transport chain, the major Fe-S proteins are Complexes I, II, and III. Complex I contains eight Fe-S clusters, two [Fe 2 S 2 ] clusters and six [Fe 4 S 4 ] clusters, which are essential for electron transduction from NADH to ubiquinone. All of these Fe-S clusters are localised in the subunits of the peripheral arm, and five are in the subunits that form the NADH oxidation site (Couturier et al. 2013) . Seven Fe-S clusters pass electrons from NADH oxidised by FMN to the last Fe-S cluster of the peripheral arm and then to ubiquinone . In addition to electron-transferring Fe-S clusters, several subunits of the peripheral and membrane arms of Complex I contain S-rich conserved Cys residues. Thiol moieties (-SH) in these residues are targets of redox regulation of Complex I activity . Complex II, succinate-ubiquinone oxidoreductase (EC 1.3.5.1), is the smallest constituent of the OXPHOS system, and it does not form supercomplex structures in A. thaliana or other species (Eubel et al. 2003; Sunderhaus et al. 2010; Peters et al. 2012 (Couturier et al. 2013) . Complex III, a transmembrane multisubunit complex, functions as a homodimer of two identical units (Dudkina et al. 2006) , each of which contains one simple [Fe 2 S 2 ] cluster in a Rieske subunit (Couturier et al. 2013) .
In contrast to Complex I, dimeric Complex III, and Complex IV, all of which are multi-mitochondrial and nuclear gene-encoded transmembrane proteins, additional type II NAD(P)H dehydrogenases and AOX can function as a single type of protein and do not translocate protons (Rasmusson et al. 2008; Millar et al. 2011 ). Type II internal or external NADH dehydrogenases are encoded by three nuclear gene families in A. thaliana, called NDA (two genes) or NDC (one gene) for internal and NDB (four genes) for external dehydrogenases (Michalecka et al. 2003) . In A. thaliana, AOX is encoded by five nuclear genes: AOX1a-d and AOX2 (Clifton et al. 2006 ). The 'bypass proteins' do not form parts of any known larger plant mitochondrial supercomplex (Dudkina et al. 2010) . AOX becomes a homodimer (Umbach and Siedow 2000) , but ND in/ex NADH can exist as monomers or form a protein complex with probable heterotrimeric structure (Klodmann and Braun 2011) .
Complex I is involved in general symptoms of plant stress responses because it has numerous functions, and its activity can be readily unbalanced by environmental fluctuations (Rasmusson et al. 2008 (Rasmusson et al. , 2009 ). Analyses of the respiration in A. thaliana subjected to long-term S deficiency indicated that Complex I capacity (measured as deamino-NADH oxidation or rotenone-inhibited malate oxidation) was lower than that of plants grown with optimal macronutrient supply (Ostaszewska et al. 2014) . Sulphur starvation of Phaseolus vulgaris for 3 weeks also resulted in lower Complex I capacity in leaf and root mitochondria (Juszczuk and Ostaszewska 2011) . Under mineral deficiency, plants with lower Complex I capacity show different patterns of up-regulation of ND in/ex NADH. The oxidation of NADH by ND in NADH in mitochondria of S-deficient bean leaves and roots was higher than that in control plants (Juszczuk and Ostaszewska 2011 ). In contrast, ND in NADH capacity was unchanged but ND ex NADH capacity increased in root mitochondria of Fe-deficient cucumber (Vigani and Zocchi 2010) , and in leaf and root mitochondria of S-deficient A. thaliana (Ostaszewska et al. 2014) . Additional type II ND in/ex NADH do not contain Fe-S clusters (Rasmusson et al. 2008) , and fewer S atoms are required to maintain their biosynthesis. Under S deficiency, the formation of Fe-S clusters is limited, as translation in general, because most S is intrinsically bound in proteins as Cys and methionine (Met) (Forieri et al. 2013) . Posttranslational modification of proteins (including respiratory complexes and additional bypass enzymes), such as protein structure, activity, and stability, depend on the redox status of Cys residues in a reversible reaction of thiol-disulphide interchange (Yi et al. 2010) . AOX is a casual mitochondrial protein, the activity of which is dependent on the redox state of the two conserved Cys residues in the catalytic centre. AOX is active when the two Cys residues are reduced as sulphydryl groups, and inactive when they are oxidised to form a disulphide bridge (Crichton et al. 2010 ). AOX capacity is induced under various stress conditions, including macronutrient limitation (Escobar et al. 2006) .
The plant response to sulphur deficiency includes extensive changes at the proteome, metabolome and transcriptome levels (Nikiforova et al. 2004 , Sirko et al. 2015 . Plant-specific LSU1 and LSU3 (response to Low SUlphur) gene expression was identified as a sulphur deficiency marker because LSU-like proteins are important hubs for integration of signals from environmental stimuli and play a role in the adjustment of plant metabolism to S deficiency at multiple levels (Moniuszko et al. 2013; Sirko et al. 2015) .
The aim of this study was to analyse the composition of the OXPHOS system in mitochondria of A. thaliana subjected to long-term S deficiency. Our primary objective was to examine whether leaf and root mitochondria of S-deficient and control plants have the same or different expression profiles and native structure of the respiratory complexes and supercomplexes. Using extended BN-PAGE, we performed qualitative and quantitative comparison of the subunits of respiratory chain components, and we examined the correlation between in-gel capacity and protein levels in Complex I under S deficiency. Complex I, II, III and IV capacity, ND in/ex NADH capacity and level, AOX level and the transcript abundance of NAD9 and NDUFS4 Complex I subunits and most bypass enzymes were also studied.
Materials and methods

Plant material and growth conditions
Arabidopsis thaliana ecotype Columbia-0 plants were grown hydroponically using the Araponics system (Araponics SA, Liège, Belgium) in 1.8-L containers with modified Knop nutrient medium as described in Ostaszewska et al. (2014) . The S-deficient plants were grown in nutrient solutions with sulphate salts substituted with the respective chloride salts. Plants were grown for 9 weeks in a growth chamber under 150 lmol m -2 s -1 photosynthetically active radiation (daylight and warm white 1:1; LF-40W; Piła, Poland) with a cycle of 8 h light/16 h dark at 22/19°C, respectively, and 60-70 % relative humidity. Leaves or roots from control or S-deficient plants ( Fig. 1) were collected for the assays in the middle of the light period.
Isolation of mitochondria and respiratory measurements
Washed mitochondria from the leaves or roots were obtained using the method of Keech et al. (2005) . Purification of mitochondria was performed as described in Ostaszewska et al. (2014) . Respiratory activity of isolated mitochondria was measured using a Clark-type oxygen electrode (Oxygraph and Oxygraph Plus Software, Hansatech, Norfolk, UK). Measurements were performed at 25°C in a 0.5 mL final volume of assay buffer containing 0.45 M mannitol, 10 mM TES (pH 7.5), 10 mM KCl, 2 mM MgSO 4 , 5 mM KH 2 PO 4 , and 0.1 % (w/v) BSA. Mitochondrial protein (100 lg) was added to measure oxygen consumption by ND in/ex NADH with 1 mM NADH and 1 lM CaCl 2 in the presence or absence of alamethicin (AlaM, 10 lg ml -1 ), a channel-forming peptide that allows the passage of low-molecular weight compounds across the inner mitochondrial membrane to the matrix (Gostimskaya et al. 2003) . Complex I was inhibited with 50 lM rotenone.
Enzyme spectrophotometric assay
Complex I, II, III and IV capacities were assayed as described by Vigani et al. (2009) , by monitoring the oxidation of NADH at 340 nm (Complex I), the decrease in concentration of dichloroindophenol at 600 nm (Complex II), the reduction of cytochrome c at 550 nm (Complex III) and the oxidation of reduced cytochrome c at 550 nm (Complex IV). The reactions were followed by the addition of 50 lg of mitochondrial protein for leaves and 100 lg of protein for roots.
Solubilisation of mitochondrial proteins and BN-PAGE
After centrifugation of an intact mitochondrial preparation containing 100 lg of protein for 20 min at 20,0009g, samples were solubilised with digitonin (Cat. No. A1905,0100, AppliChem GmbH, Darmstadt, Germany) in a final concentration of 5 g per g of protein by incubation for 20 min on ice while vortexing every 5 min. Samples were centrifuged at 20,0009g for 20 min to remove insoluble material and were supplemented with 7 ll of 5 % (w/v) Coomassie blue G-250 solution in 750 mM aminocaproic acid. Dye-treated protein samples were directly loaded onto a 4 % stacking gel.
One-dimensional BN-PAGE and two-dimensional BN/ SDS-PAGE or BN/BN-PAGE were performed as described by Schägger and Pfeiffer (2001) , at 4°C and 90-300 V. For BN-PAGE, proteins were separated using a 4-12 % (w/v) acrylamide gradient gel. For BN/BN-PAGE, n-dodecyl b-D-maltoside (DDM) in a final concentration of 0.03 % (w/v) was used in the cathode buffer for incubation of BN gel strips. For the second dimension of BN/BN-PAGE, 5-20 % (w/v) acrylamide gradient gels were used. For BN/SDS-PAGE or BN/BN-PAGE, the gel strips after BN-PAGE were fixed with 1.5 % (w/v) agarose onto the second gel dimension as modified by Eubel et al. (2004) . Two-step Tricine-SDS gels [10 and 16 % (w/v) acrylamide] were used for the second gel dimensions of BN/ SDS-PAGE. The Kaleidoscope Precision Plus Protein Standard (Cat. No. 161-0375, BioRad, Hercules, CA, USA) was used as a marker of molecular weight for proteins. After BN/SDS-PAGE, the gels were stained with silver according to Heukeshoven and Dernick (1986) .
Protein and catalytic staining of BN gels
Protein complexes were visualised by colloidal Coomassie blue staining of the gels according to Neuhoff et al. (1990) . The gels were fixed in a solution containing 40 % (v/v) methanol and 10 % (v/v) acetic acid for 1 h and then incubated for 24 h in the staining solution containing 1.57 % (w/v) H 3 PO 4 , 7.8 % (w/v) ammonium sulphate, 0.08 % (w/v) Coomassie Brilliant Blue G-250, and 20 % (v/v) methanol. Destaining was performed in distilled water for 3 days until the background was clear. Staining for the capacity of Complex I, supercomplex I ? III 2 , and Complex IV was performed according to Zerbetto et al. (1997) after brief incubation of the gels in the respective reaction buffers.
SDS-PAGE and immunodetection
Samples of mitochondrial proteins were suspended in loading buffer containing 0.3 M Tris-HCl (pH 6.8), 50 % (v/v) glycerol, 0.02 % (w/v) bromophenol blue and 5 % (w/v) SDS and were boiled for 5 min. Samples of 20 lg (leaf) or 10 lg (root) of mitochondrial protein per lane were separated on 10 % SDS-polyacrylamide gels. The SDS and BN/SDS gels were electrotransferred to a nitrocellulose membrane using a Bio-Rad wet blotting apparatus (Bio-Rad). The following primary antibodies were used: rabbit antiserum directed against NAD9 subunit of Complex I from wheat (diluted 1:1000, from J. M. Grinenberger), rabbit polyclonal antisera against GLDH (diluted 1:5000, Cat. No. AS06 182, Agrisera, Vännäs, Sweden) and AOX1/2 (diluted 1:1000, Cat. No. AS04 054, Agrisera), rabbit monoclonal antisera against potato
Control
S-deficient Fig. 1 Arabidopsis thaliana (ecotype Columbia-0) plants cultured hydroponically for 8 weeks in Knop nutrient medium containing 7.5 mM sulphate (control) or without sulphate (S-deficient). S-deficient plants are characterised by lower biomass of the rosette, reduced surface of the leaves, violet pigmentation of the petioles, and chlorotic and necrotic spots on the leaf blades as previously described (Ostaszewska et al. 2014; Ostaszewska-Bugajska et al. 2015) external NADH dehydrogenase (anti-NDB1Ct2) or against potato internal NADH dehydrogenase (anti-NDA1) (both diluted 1:1000, from A. . The mRNA levels of mitochondrial electron transport chain bypass genes were quantified using qRT-PCR as described by Escobar et al. (2004) . For all qRT-PCR, the iQ SYBR Green Supermix kit was used (Cat. No. 170-8882, Bio-Rad) with primer pairs that were previously described for NDA1 (AT1G07180), NDA2 (AT2G29990), NDB1 (AT4G28220), NDB2 (AT4G05020), NDC1 (AT5G08740) (Michalecka et al. 2003) , NDB4 (AT2G20800), AOX1a (AT3G22370), AOX1b (AT3G22360), AOX1c (AT3G27620), and AOX2 (Escobar et al. 2004 ). PP2A (AT1G13320) was used as a reference gene (Czechowski et al. 2005) . New primer pairs were designed for the response to low sulphur 1 gene (LSU1; AT3G49580) 5 0 -ACCGAGGAGGATGCGTGAC-3 0 and 5 0 -AACCGTTCGCTGCCACAA-3 0 , response to low sulphur 3 gene (LSU3; AT3G49570) 5 0 -GAACGGAG AGTTGGAGAGAGAA-3 0 and 5 0 -GCCAGTTGCGAGC AGAGTC-3 0 , NADH-ubiquinone oxidoreductase subunit 9 (NAD9; ATMG00070) 5 0 -GGAGCGAGAAGTTTGGG ATA-3 0 and 5 0 -TGGGTCATCTCAATGGGTTC-3 0 and NADH-ubiquinone oxidoreductase Fe-S protein 4 (NDUFS4; AT5G67590) 5 0 -GCATCTTTCTCGCAAG GTGA-3 0 and 5 0 -CCAACATTAGCATAGGGGTCA-3 0 . Control PCRs minus the RT step were run to verify lack of genomic DNA amplification. Transcript abundance was quantified by comparing the values obtained for target genes to those of the reference PP2A gene. Relative quantification and qRT-PCR efficiency for the target genes were calculated according to Pfaffl (2001) . Transcript levels of genes of S-deficient plants were expressed in relation to control plants, which were given a value of 1.
Photographic and statistical analysis
Bands corresponding to the investigated proteins or complexes visible on the gels or X-ray films were scanned. Images were prepared using Adobe Photoshop Elements 8.0. (Adobe Systems, San José, CA, USA). Signal intensities of bands were estimated using Quantity One 4.6.2 software (Bio-Rad) after correcting for background. Results are presented as the mean ± standard deviation (SD) from at least three independent plant cultures. Experimental data were analysed using Student's t test in Excel 2013 (Microsoft Corporation, Redmond, WA). Differences were considered significant at P B 0.05.
Results
Respiratory complexes in leaf and root mitochondria of S-deficient A. thaliana
To analyse the profile of OXPHOS complexes, mitochondria were isolated from the leaves or roots of A. thaliana plants that exhibited symptoms of S deficiency; in addition to morphological changes (Fig. 1) , expression of the LSU1 and LSU3 genes was also increased by 150 and 85 %, respectively (Fig. 7) . Mitochondrial proteins were resolved by BN-PAGE and visualised by colloidal Coomassie blue staining (Fig. 2a) . The use of 5 g of digitonin per gram of mitochondrial protein enabled identification of single OXPHOS complexes by molecular mass, as previously demonstrated by Eubel et al. (2003) as follows: NADH dehydrogenase (Complex I, 1000 kDa), F 0 F 1 ATP synthase (Complex V, 580 kDa), dimeric cytochrome c reductase (Complex III 2 , 480 kDa), and cytochrome c oxidase (Complex IV, 300-200 kDa in larger [IVa] and smaller [IVb] isoforms). A heat shock type (HSP) protein complex (750 kDa) was detected above a monomeric form of Complex V. The F 1 subunit (390 kDa) of the F 0 F 1 ATP synthase complex was localised below Complex III. In addition to Complex I, bands of molecular mass [1500 kDa corresponding to supercomplex I ? III 2 were recognisable on BN/SDS (Fig. 3a) gels.
Subsequent BN gels showed more protein bands for leaf mitochondria than for root mitochondria because mitochondrial preparations from leaves always contain a fraction of chloroplast protein contamination. By comparing the gels to BN-PAGE and BN/SDS-PAGE patterns from spinach leaf mitochondria presented by Krause et al. (2004) , subunits belonging to Photosystem I (PSI) or CF 0 F 1 ATP synthase and Rubisco were identified in both types of leaf mitochondria (Figs. 2a, 3a) . Most chloroplastic thylakoid and/or stromal proteins were localised close to the F 1 subunit (Rubisco) or between monomeric Complex V and dimeric Complex III (PSI subunits). The abundance of these proteins was similar in leaf mitochondria from S-deficient plants and in the control (Figs. 2a, 3a) .
Changes in Complex I abundance and capacity
In mitochondria isolated from leaves and roots of S-deficient A. thaliana, the expression and mobility of the respiratory complexes on the BN-PAGE and BN/SDS-PAGE did not differ from those of the control (Fig. 2a) . However, S deficiency in A. thaliana tissues resulted in quantitative alterations of Complex I in leaf and root mitochondria, consisting of lower levels of total protein (Fig. 2a) and lower abundance of all subunits (Fig. 3a) . The abundance of supercomplexes containing Complex I in monomeric or dimeric form, I ? III 2 and I 2 ? III 4 , was visualised by silver staining after BN/SDS-PAGE and was very low in leaf and root mitochondria of the control but was always lower in tissues from S-deficient plants (Fig. 3a) . In-gel staining and densitometric measurements of band intensities after BN-PAGE (Fig. 2b, d ) in addition to the spectrophotometric assay (Table 1) showed that the capacity of Complex I in leaf and root mitochondria from S-deficient plants was lower than that of the control. Krause et al. (2004) and is indicated for leaf mitochondria on the left side of the gel: R Rubisco; P Photosystem I subunits. The experiment was repeated four times with a mixture of mitochondria from three independent isolates loaded on the gel (100 lg protein per lane). Representative gels are presented. The gels were scanned and band intensities were estimated as the total volume of optical density after subtraction of the background using Quantity One 4.5.2. software (BioRad). Statistically significant differences (P \ 0.05) between control and S-deficient plants are indicated by asterisks. ND non-detectable
Complex I (Fig. 4c) . This degradation could have resulted from several hours required for the BN-PAGE and indicates that Complex I is very susceptible to conditions that include freezing and thawing of mitochondrial preparations (Juszczuk and Rychter 2009 ). In addition, treatment with the reagents during the experimental procedure disturbs the multiprotein composition. Because of the very low abundance of supercomplexes I ? III 2 and I 2 ? III 4 in mitochondria from control and S-deficient A. thaliana, it was not possible to estimate their capacities.
To confirm the influence of S deficiency on the abundance of Fe-S clusters in Complex I, we analysed the level of the nuclear-encoded 18 kDa small Fe-S protein, NDUFS4, and mitochondrial-encoded NAD9 subunit by SDS-PAGE and western blotting. The amounts of these two subunits were low in mitochondria from control plants Identification of OXPHOS complexes and supercomplexes in mitochondria isolated from leaves and roots of 9-week-old A. thaliana control and S-deficient plants. a Two-dimensional resolution of digitonin-solubilised (5 g g -1 protein) mitochondrial proteins by BN/ SDS-PAGE. The first-dimension BN gels were colloidal Coomassie blue stained (upper panel), and the second-dimension SDS gels were silver-stained (lower panel). Identities of protein complexes are given above the first-dimension gels. The I 2 ? III 4 supercomplex is composed of dimeric Complex I and tetrameric Complex III; the I ? III 2 supercomplex is composed of Complex I and dimeric Complex III. I NADH-ubiquinone oxidoreductase (Complex I); H heat shock protein (HSP) complex; V F 0 F 1 ATP synthase (Complex V); III 2 dimeric cytochrome c reductase (Complex III); F 1 part of the F 0 F 1 ATP synthase; IVa and IVb large and small forms of cytochrome c oxidase (Complex IV), respectively. Chloroplast protein contamination was identified by comparing the gels to protein profiles presented by Krause et al. (2004) and is indicated for leaf mitochondria on the left side of the gel: R Rubisco; P Photosystem I subunits. b Levels of Complex I subunit calculated as the percentage of all spot densities determined for control plants (set to 100 %). The experiment was repeated two times with a mixture of mitochondria from three independent isolates loaded on the gel (100 lg protein per lane). Representative gels are presented. The gels were scanned and band intensities were estimated as the total volume of optical density after subtraction of the background, using Quantity One 4.5.2 software (BioRad). Statistically significant differences (P \ 0.05) between control and S-deficient plants are indicated by asterisks but always lower in S-deficient plants (Fig. 5a, c) . The transcripts of the NAD9 and NDUFS4 subunits of Complex I showed decreased levels (approximately 40 and 25 %, respectively) in the leaves of S-deficient plants (Fig. 7) . Protein levels of nuclear-encoded GLDH, which regulates the assembly of Complex I (Schertl et al. 2012) , remained unchanged in the mitochondria of S-deficient A. thaliana relative to the control (Fig. 5b) .
To assess whether defects in stability and assembly or catalytic properties affected the capacity of Complex I in mitochondria of S-deficient A. thaliana, we examined the correlation between protein capacity and quantity. Densitometric analysis of the bands showed that the decrease in capacity of Complex I from S-deficient plants was correlated with lower levels of protein: 85 and 87 % of that of the control in leaf and root mitochondria, respectively (Fig. 2d) . Quantification of protein bands after BN/SDS-PAGE showed even more pronounced changes in the quantity of Complex I subunits (Fig. 3b) .
Complex II and Complex III capacity
We could not obtain good visualisation and compare quantities of Complex II on BN or on BN/SDS gels by colloidal Coomassie blue or silver staining (Figs. 2a, 3a) between S-deficient and control plants. The abundance of Complex III did not differ in S-deficient A. thaliana and control leaf and root mitochondria (Figs. 2a, 3a) . The capacities of Complexes II and III were determined by spectrophotometry. The capacity of Complex II was approximately 20 % lower in mitochondria of S-deficient A. thaliana compared to the control, but the capacity of Complex III did not differ (Table 1) .
Additional type II NADH dehydrogenases
One-dimensional BN-PAGE showed that the capacity of ND in/ex NADH was higher in leaf and root mitochondria of S-deficient A. thaliana than in the control (Fig. 4a) . After BN/BN-PAGE, two spots were detectable by in-gel staining for NADH dehydrogenase capacity. One spot at the upper part of the gel represented Complex I activity. The signal in the low-molecular mass range of the gel revealed the capacity of ND in/ex NADH (Fig. 4c) . Because ND in-NADH and ND ex NADH have similar molecular mass, they cannot be distinguished on BN or BN/BN gels; therefore, specific antibodies were used and western blotting was performed after BN-PAGE. The level of ND ex NADH was higher in leaf and root mitochondria of S-deficient A. thaliana compared to the control, whereas the ND in NADH level did not change (Fig. 4b) . We also measured respiration with NADH in the presence or absence of the channelforming peptide AlaM to distinguish between ND in NADH and ND ex NADH capacity. In the mitochondrial preparation separated on the BN and BN/BN gels, we observed a higher capacity for ND ex NADH and no difference for ND in NADH relative to the control (Fig. 3d) . This observation was in agreement with our earlier independent polarographic measurements (Ostaszewska et al. 2014) .
The transcript levels of several genes encoding additional components (AOX and ND in/ex NADH) of the mitochondrial electron transport chain were examined, including three genes encoding ND in NADH (NDA1, NDA2, and NDC1), three encoding ND ex NADH (NDB1, NDB2, and NDB4) and four encoding isoforms of AOX (AOX1a-c and AOX2). Only two genes, NDA2 and AOX1b, showed increased expression (approximately 50 and 30 %, respectively) in the leaves of S-deficient plants compared to the control (Fig. 7) .
Terminal oxidases of the respiratory chain
Coomassie blue and silver staining for total protein were insufficient for scanning and quantification of Complex IVa and IVb isoforms (Figs. 2a, 3a) . One-dimensional BN-PAGE is not suitable for precise resolution and molecular mass determination of proteins sized less than 300 kDa because of high background and loss of band sharpness; ) and second-dimension resolution after treatment with n-dodecyl b-D-maltoside (DDM, 0.05 %). Gel gradient 5-20 %. Two-dimensional BN/BN-PAGE was repeated twice. Representative gels/blots are presented. d Oxidation of NADH by mitochondria from leaves and roots of A. thaliana (the same mitochondria prepared for protein separation by BN or BN/BN-PAGE). Substrate concentration was 1 mM NADH in the presence of 1 lM CaCl 2 . Alamethicin (AlaM, 10 lg ml ) was used to permeabilize the inner mitochondrial membrane and 50 lM rotenone was used to inhibit Complex I. Values are the mean ± SD from three independent mitochondrial isolates. Statistically significant differences (P \ 0.05) between control and S-deficient plants were determined by Student's t test and are indicated by different superscript letters a, b
. ND in NADH capacity was estimated by subtracting the values (?AlaM) and (-AlaM) thus, we only estimated the capacity of Complex IV isoforms. Comparing leaf and root mitochondrial OXPHOS resolution, it was apparent without densitometric quantification that the quantity of Complex IVa and IVb differs between leaf and root mitochondria (Fig. 2a) . Complex IVa capacity was higher in leaf mitochondria than in root mitochondria in control and S-deficient plants, whereas Complex IVb capacity showed the opposite pattern (Fig. 2c) . Complex IVa and IVb capacities were lower in root mitochondria of S-deficient A. thaliana as compared than in control plants (Fig. 2d) . Complex IV activity measured in a spectrophotometric assay was lower both in leaf and root mitochondria of S-deficient A. thaliana as compared to the control (Table 1) . There were no 'respirasome' associations containing a few copies of Complex I, dimeric Complex III and Complex IV in mitochondria of control or S-deficient plants (Fig. 2c) . To help explain the lower capacity of Complex IV in S-deficient A. thaliana, we performed western blotting of the mitochondrial-encoded COXII subunit, which showed the decrease in its level (Fig. 5d) .
We previously found that AOX capacity did not differ between control and S-deficient plants (Ostaszewska et al. 2014) . Here, SDS-PAGE indicated that the levels of two *35 kDa isoforms of AOX were unchanged in mitochondria isolated from S-deficient A. thaliana leaves and roots relative to the control (Fig. 5e) . In contrast, after BN/SDS-PAGE and western blotting, AOX was only detectable in its oxidised form with a size of approximately 60 kDa (Fig. 6) . In S-deficient A. thaliana AOX was not associated with any of the respiratory complexes.
Discussion
Sulphur deficiency changed the OXPHOS system abundance and capacity in leaf and root mitochondria of A. thaliana, mainly in terms of Complex I (Fig. 2a, b, d ). Lower levels of mitochondrial-and nuclear-encoded subunits of Complex I (Fig. 3a, b) indicated that long-term S deficiency limits Complex I biosynthesis. The number of subunits that join to form structural modules and establish a functional Complex I is a major factor determining assembly of this protein in fungi and mammals (Mimaki et al. 2012) . A similar modular assembly pathway was proposed for the Complex I membrane arm in A. thaliana (Meyer et al. 2011; Li et al. 2013) . A lower level of the Fe-S-containing NAD9 mitochondrial-encoded subunit of Complex I was found in S-deficient A. thaliana (Fig. 5c ), similar to previous findings in cucumber root mitochondria under Fe deficiency (Vigani et al. 2009 ), and in both species, Complex I was impaired. Arabidopsis mutants in other mitochondrial-encoded subunits, e.g. NAD7 and NAD4, showed dysfunction in Complex I formation (Gutierres et al. 1997; Karpova and Newton 1999) . Moreover, studies of several pentatricopeptide repeat protein (PPR) mutants have shown that all mitochondrial-encoded subunits are required for the proper assembly of the respiratory chain complexes (Colas des Francs-Small et al. 2014; Colas des Francs-Small and Small 2014; Hsieh et al. 2015) .
The lack of a plant-specific NDUFS4 subunit containing Fe-S in A. thaliana ndufs4 mutant resulted in the absence of respiratory chain Complex I (Meyer et al. 2009 ). Analysis of mutant lines in A. thaliana supported the role of NDUFS4 in assembly of the membrane arm of Complex I (Meyer et al. 2011) . In the present study, the abundance of small nuclear-encoded 18-kDa NDUFS4 protein was lower in leaf and root mitochondria of S-deficient A. thaliana (Fig. 5a ), but the question is whether in the control plants all NDUFS4 subunits were incorporated into Complex I. It has been shown that in A. thaliana, the subunits of the matrix-facing soluble arm of Complex I turn over at a faster rate compared to the rest of complex, presumably as a result of damage and recycling, whereas the membranous components degrade more slowly ). The iron-sulphur protein required for NADH dehydrogenase (INDH) was identified as an assembly factor for Complex I in A. thaliana (Wydro et al. 2013 ). In . e AOX (two bands of AOX). f VDAC1 (porin ion channel located on the outer mitochondrial membrane). Mitochondrial protein (10 lg with the only exception for VDAC1, 20 lg from leaf and 10 lg from root tissue) was used to indicate the same quantity of mitochondrial protein loaded to the gel. The experiment was repeated five times with a mixture of mitochondria from three independent isolates. Representative gels are presented the indh knockout mutant, accumulation of a 650-kD subcomplex was detected, similar to that in Arabidopsis ndufs4 mutants lacking Fe-S cluster binding subunits (Meyer et al. 2011) . The subunits containing Fe-S clusters are localised in the peripheral arm (Klodmann and Braun 2011) ; thus, S deficiency in A. thaliana may limit biosynthesis mainly in this part of Complex I.
GLDH is not associated with the holocomplex but with a smaller version of Complex I (Heazlewood et al. 2003) , and with three subcomplexes representing Complex I assembly intermediates (Schertl et al. 2012) ; therefore, it cannot be considered a Complex I subunit (Meyer 2012) . However, because the knockout mutant of GLDH does not synthesise Complex I, GLDH has been described as the potential assembly factor for Complex I in A. thaliana (Pineau et al. 2008) . Analyses of gldh mutants of A. thaliana suggest that GLDH is an assembly factor for the membrane arm of Complex I (Schimmeyer et al. 2016) . The similar levels (Fig. 5b) and activities (OstaszewskaBugajska et al. 2015) of GLDH in S-deficient A. thaliana and control plants suggest the maintenance of ascorbate biosynthesis and/or support of Complex I structure when tissue S content decreases. GLDH does not need to be active to function in Complex I assembly (Schertl et al. 2012) .
The Complexes II and III were analysed to evaluate whether S deficiency alters these Fe-S-containing enzymes. The lower capacity of Complex II (Table 1) suggests that its assembly or activity could be strongly dependent on S availability, similarly to Complex I.
Complex III capacity in S-deficient A. thaliana did not change (Table 1) . Because the Rieske Fe-S protein is believed to play a role in Complex III dimerization, this prosthetic group must be inserted correctly during Complex III assembly (Hamel et al. 2009 ). Complex III, always as a dimer, forms supercomplexes with Complex I, and in different species of eukaryotes these associations are conserved because they determine mitochondrial electron transfer (Dudkina et al. 2005 (Dudkina et al. , 2010 . Thus, under S deficiency, S could be preferentially directed for Complex III biosynthesis, and even a very small amount of S could be adequate to form the Rieske Fe-S cluster.
Complex IV does not contain Fe-S clusters, but its capacity was altered in mitochondria of S-deficient A. thaliana (Fig. 2c) , consistently with our previous measurements of COX capacity by polarography (Ostaszewska et al. 2014) . Levels of the COXII subunit were lower in mitochondria of S-deficient plants (Fig. 5d) . The correlation between the mitochondrial-encoded COXII subunit levels and Complex IV capacity suggests that COXII might regulate the assembly or stability of Complex IV. This was previously observed for Complex IV in cucumber MSC16 mitochondria (Juszczuk and Rychter 2009) . Building the catalytic centre of the holoenzyme, COXI, COXII and COXIII are the key subunits involved in Complex IV assembly or stability (Meunier and Taanman 2002; Khalimonchuk and Rödel 2005) .
The lower levels and/or activities of Complex I, II and IV ( Fig. 2a-c residues comprise 4.92 % of all amino acid residues in the proteins based on the calculation of the random content of these sulphur amino acids encoded by two (Cys, 3.28 %) or one (Met, 1.64 %) codons. Bioinformatic analysis of human, bovine, and mouse proteins revealed almost identical (2.26 %) occurrences of Cys and a correlation between increased complexity of an organism and representation of Cys in the proteins (Miseta and Csutora 2000) . Thus, it can be supposed that the sulphur amino acid content in plants is similar to that of mammals. If the average molecular mass of a single amino acid is 110 Da, Complex I with a mass of about 1 MDa contains 9090 sulphur amino acid residues and 570 atoms of S in Cys and Met residues. In Complex I, there are eight Fe-S clusters, two [Fe 2 S 2 ] and six [Fe 4 S 4 ] (Couturier et al. 2013) , containing 28 atoms of S. This analysis indicated that in S-deficient A. thaliana, the additional demand for sulphur for Fe-S centres seems to be negligible but cannot be also excluded.
Much less S is required to sustain ND in/ex NADH level and/or activity because they do not contain Fe-S clusters and thus could replace the function of Complex I and maintain NADH oxidation under S deficiency. Parallel BN/ BN-PAGE together with respiratory measurements showed that the ND ex NADH capacity was higher but ND in NADH capacity was unchanged in mitochondria of S-deficient A. thaliana (Fig. 4a, c, d ). Tobacco CMSII and A. thaliana frostbite1 mitochondrial mutants that lack Complex I, and cucumber MSC16 mutant with lower level of Complex I, display the compensation of Complex I by additional type II NAD(P)H dehydrogenases (Juszczuk et al. 2007; Garmier et al. 2008; Juszczuk and Rychter 2009; Podgórska et al. 2015) . The increased capacity of ND in/ex NADH in root mitochondria of S-deficient bean and A. thaliana and in Fe-deficient cucumber may be responsible for rapid adjustment of respiration during prolonged macro-or micronutrient deficiency (Vigani and Zocchi 2010; Juszczuk and Ostaszewska 2011; Ostaszewska et al. 2014) . Sulphur deficiency did not affect ND in/ex NADH localisation in the respiratory chain of A. thaliana mitochondria, and ND in/ex NADH do not belong to supercomplexes, as observed for other plant species (Eubel et al. 2003 (Eubel et al. , 2004 Juszczuk and Rychter 2009) including A. thaliana grown under steady-state conditions (Klodmann and Braun 2011) .
Alternative oxidase levels did not differ in mitochondria of S-deficient A. thaliana relative to the control (Fig. 5e) . The thiol reduction state in the catalytic centre regulates AOX activity (Albury et al. 2009 ). Sulphur deposition for AOX biosynthesis could be preferentially sustained to maintain the outflow of electrons from ubiquinol and oxidation of the respiratory substrates when COX capacity is affected. Similarly, S deficiency in bean plants does not increase protein levels or AOX capacity, and COX capacity is decreased (Juszczuk and Ostaszewska 2011) . Alternative oxidase does not form a part of OXPHOS system in A. thaliana under normal conditions (Eubel et al. 2003; Kakizaki et al. 2012) . In S-deficient plants, the apparent lack of association of AOX with any of complexes (Fig. 6 ) confirmed its important role as a simple protein that acts as a bypass for Complexes III and IV. However, i.e., in ripe tomato, when expressed in large amounts, AOX interacts broadly with respiratory chain complexes, whereas when its expression is low, AOX associates specifically with Complex III (Navet et al. 2004) .
Sulphur deficiency in A. thaliana modifies the mRNA level of several studied genes. Higher expression of LSU1 and LSU3 (Fig. 7) indicates an adjustment of plant metabolism to S deficiency. It has been suggested that LSU-like proteins can modulate the degradation of some transcription factors or be involved in regulation of protein degradation system (Sirko et al. 2015) . Indeed, the activity of proteases increased in A. thaliana under S deficiency (Ostaszewska-Bugajska et al. 2015) . The abundance of transcripts of mitochondrial NAD9 and nuclear NDUFS4 genes encoding Complex I subunits decreased under S deficiency in A. thaliana. This is in an agreement with the capacity and/or levels of these Fe-S containing proteins. The transcripts of two mitochondrial bypass enzymes, NDA2 and AOX1b, encoded by nuclear genes were higher relative to the control (Fig. 7) . However, ND in NADH capacity ( Fig. 4d ; Ostaszewska et al. 2014 ) and the level of AOX protein remained unchanged (Fig. 5e) . Expression of the AOX1b gene may play a flower-specific role (Clifton et al. 2006 ). In S-deficient A. thaliana flowers appeared when plants had fewer leaves compared to the control. Thus, we propose that higher transcript levels of AOX1b protein could reflect earlier programmed flowering. Transcriptomic analysis in response to S restriction should be integrated with a metabolomic approach because, as in the oilseed rape, most genes are not expressed additively at the protein level (Marmagne et al. 2010) . Such differences between the transcription and expression of bypass proteins (Fig. 7) could also occur during the long-term growth of A. thaliana under S deficiency. Temporal differences in transcript and protein level have been described in shortterm growth of S-deficient A. thaliana (Nikiforova et al. 2004) , and correlations have been observed between the decrease of mRNA expression and that of protein expression (Higashi et al. 2006) . We, therefore, conclude that in S-deficient A. thaliana, further levels of transcript-protein correlation regulation exist during protein biosynthesis, some of which could be S deficiency-specific.
To summarise, we demonstrated that the OXPHOS system in leaf and root mitochondria of S-deficient A. thaliana was disturbed, mainly owing to the lower abundance of all Complex I subunits and NAD9 and NDUFS4 transcripts. This was correlated with a decrease in total holocomplex content and in-gel capacity. Thus, Complex I could be regulated at both the transcript and protein level of Fe-S containing subunits. However, Complex I was not completely blocked; it still contributed to electron inflow for ubiquinone. The impairment of Complex IV capacity also indicated that the outflow of electrons from ubiquinol was altered by S deficiency. We showed that additional external type II NADH dehydrogenases were induced, leading to bypass of Complex I, and that AOX was maintained to support Complex IV. We hypothesised that the levels of Complex I subunits and/or capacity of Complexes I, II, and IV might be co-ordinately diminished because of the decrease in S availability for Cys and Fe-S cluster biosynthesis. We found that the OXPHOS system in mitochondria of A. thaliana is remodelled and that mitochondrial plasticity in relation to other cellular processes allows plants to adapt to S deficiency.
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